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Abstract  
Biocompatible oxide ceramics were added to bioresorbable polymeric powders for the laser-assisted fabrication of 
the porous tissue engineering scaffolds. The optimal regimes were determined for the Nd+3YAG laser sintering. 
Microstructure researches of the sintered samples were carried out by means of the SEM equipped the EDX and the 
results were compared with those of the X-ray analysis. The observations showed that after a successful laser 
sintering the increase of the nano ceramic particles sizes was insignificantly. The results confirm the medical resource 
of the SLS-fabricated tissue engineering scaffolds.  
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1. Introduction 
Of late years various powder polymeric materials (polycarbonate, polyamide, polyoxymethylene, high 
density polyethylene, polyetherketone etc.) were tested for their laser sinterability and medical 
applicability of the resulting component properties [1-4, 7]. Traditionally, the CO2 laser was used for 
those purposes, because of the polymer absorption is better on this wave-length.  
In our previous papers it was shown, that a small additive of the metal powder into the polymer 
mixture also allows to use the Nd+3YAG laser radiation [5]. In this case the picture of laser sintering i.e. 
heat transfer mode, changes because the laser energy is absorbed by the metal particles transferring the 
heat to the polymer. Such indirect heating meets the medical demands since under these conditions the 
direct polymer destruction is minimal and detrimental impurities are absent.  
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In the present report we try to apply our approach to the bioresorbable polymers (polyetheretherketone 
and polycaprolactone) and to determine the optimal regimes of such delicate laser sintering. The powders 
of biocompatible oxide ceramics, TiO2, Al2O3, ZrO2, and hydroxyapatite (HA) as are proposed to be 
used as a basis of the additives.  
2. Materials and experimental procedure 
2.1. Materials 
All the reagents used in the experiments were bought at the chemical market, and used as supplied. 
The objects of our study were a thermostable commercially available polycarbonate (PC - LET - 7.0 
grade, Dzerjinsk, RF), polyamide (PA12 grade, Dzerjinsk, RF), polyetheretherketone (PEEK – Victrex 
Co., UK) and polycaprolactone (PLC – Polymorph Co., UK). The size of the particles taken for the 
polymer fractions was 50 μm that was comparable with the laser beam diameter. It ensured a high 
stacking density of particles in the initial ceramic-polymer composition (CPC) that resulted in its 
qualitative sintering. As a filling material, we used the oxide ceramics powders (TiO2 ~ 20 /Rutile, 
YZ5B/, Al2O3 ~ 30-80 /Metco Co./, ZrO2 ~ 30-40 /Baikowsky Co./, HA ~ 25-40 /Medicoat Co./ μm). For 
the absorptance increase we added the 2-4 %wt. of a pure Ti in the TiO2 mixture and superdispersed 
carbon (soot) powder in all others mixtures. Ceramic-polymer mixtures were prepared in the 1:1, 1:2, 1:3, 
2:3, 1:4, 1:10 ratios by wt. (the first of the ratios is for oxide ceramic).  
 
 
 
Fig. 1.  SEM image of the initial ceramic powder: (a) nano size Al2O3; (b) micro size HA 
 
Last year we showed already the laser sinterability of polymer powders with Cu and Ni micro and 
nano oxides that could be useful for catalysts [6]. That is why here for the comparison of our sintering 
results we used the micro and nano size powders for the above mentioned oxide ceramics (TiO2 ~ 50, 
Al2O3~ 15, ZrO2 ~ 20, HA ~ 60 nm, EvNanoTech.com. Ltd., China, see Fig. 1a) along with the CO2 
laser.  
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2.2. Experimental setup 
Our experimental setup for the SLS of powder composites was described earlier [2] involved: (a) a 
continuous wave YAG : Nd+3 laser,  = 1.06 μm and CO2 laser (  = 10.6 μm); (b) deflectors for scanning 
of the laser beam in the X–Y plane; (c) the personal computer; (d) interchangeable lenses with f ~ 149 and 
336 mm aimed to obtain focused spots of d ~ 50 and 100 μm diameter respectively); (e) mechanism for 
deposition and levelling of the powder mixture and (f) vertically moving cylindrical platform. The laser 
beam scanned by the meander an area of 50 x 50 or 100 x 100 mm2 and was controlled by the computer 
through mechanical deflectors. Sintering was performed in the air, except for the cases of the nano oxide 
use. The hatch distance was equal to the laser beam diameter. The depth of the delivered powder was ~ 
40-60 μm. In contrast to the approach described in [4], we carried out the laser sintering without a 
preliminary heating of the powder mixture. The optimal processing parameters for the 2D sample 
fabrication from PC and PA were described earlier [2, 5, 6].  
2.3. Outline of the optimal regime search  
The laser influence (LI) optimal choice for the sintering was based on the variation of the laser power 
– P, scanning velocity – V or laser beam diameter (focus divergence - df). It could seem that the use of the 
uniformed parameter - energy density ED = P (V*H) [J/mm2] is more advantageous for optimization. 
However, since the absorption coefficients of the powdered CPC are not known, this benefit is shadowy. 
The sintering quality was estimated visually, by the presence of carbonization traces (i.e. polymer 
destruction) on the sintered surface as well as by the adhesive strength between the sintered layers. The 
full polymer destruction will obviously result in destroying the linkage of the ceramic "skeleton" particles 
and a 3D sample crack. A more detailed description of the strategy for the optimal regimes search for the 
separate monolayers sintering, and the results obtained are presented in [2].  
2.4. Microstructure characterization  
The microstructure study and element analysis of the synthesized samples were done by means of a 
scanning electronic microscope (SEM) LEO 1450 (CARL ZEISS) equipped with the Energy Dispersive 
X-ray Microanalysis device INCA ENERGY 300, OXFORD INSTRUMENTS. The qualitative X-ray 
Diffraction (XRD) was carried out by means of the DRON- 3 diffractometer using the Cu K  radiation.  
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3. Results and Discussion 
3.1. Effect of the laser power, scan speed and beam divergence on the laser sinterability of bio CPC  
Figs. 2-7 illustrate the dependence of the sintering depth for a separate monolayer vs the laser scanning 
speed.  
  
Fig. 2. Pure PEEK, CO2 laser, P/df – laser power (W)/focus 
divergence (mm): 1 – P = 2.6/50; 2 – P = 1.9/50; 3 – P 
= 2.6/50 (press) 
Fig. 3.  1. - Ti + PLC =1:1, P = 3.8 W; 2. – pure PLC, P = 1 
W. Nd+3:YAG laser 
 
Fig. 2 presents our SLS results for a pure PEEK powder at the wave-length of 10.6 μm. The focus shift 
(df = 50 mm) allowed to achieve the sinterability, otherwise an active polymer destruction was observed. 
It is also shown that a slight powder pressing before the sintering can change the result. Fig. 3 shows the 
sintering depth dependence of monolayers at the 1.06 μm wave-length for a pure PLA and for the case 
with several additive percent of Ti powder in TiO2 ceramic. As pointed out above, the sintering depths are 
larger since the Ti optical absorption is higher at the  = 1.06 μm.  
Plentiful data on the sinterability of the ceramic (Al2O3, ZrO2, HA) – 2 
laser [7] is available, still our samples were rather fragile. A special case of a multi component 
(Al2O3+ZrO2+HA) + PEEK mixture is shown in the Fig. 4. The laser spot was 3-3.5 mm owing to the focus 
shifting.  
  
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Scanning speed - v, m/min
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Si
nt
er
in
g 
de
pt
h 
-s
, m
m
1
23
5 10 15 20 25 30 35 40 45 50
Scanning speed - v, cm/s
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
Si
nt
er
in
g 
de
pt
h 
- s
, m
m
1
2
 Shishkovsky I. and Scherbakov V. /  Physics Procedia  39 ( 2012 )  491 – 499 495
 
a)  b) 
Fig. 4.  (a) (Al2O3+ZrO2+HA) + PEEK =1:3: 1 – P = 2.6 W, 2 – P = 1.9 W, 3 – P = 1.9 W (d = 3.5 mm); (b) (Al2O3+ZrO2+HA) 
+ PEEK=1:2: 1 – P = 2.6 W, 2 – P = 1.9 W, 3 – P = 2.6 W, 2 – P = 1.9 W (d = 3.5 mm). In places where there is no 
indication, the diameter is d = 3mm 
 
The comparisons of the laser sintering results for TiO2 + Ti with PEEK at the wave-lengths of 1.06 and 
10.6 μm are presented in Fig. 5. As it is seen, the metal presence leads to the sintering depth increase.  
a) b) 
Fig. 5.  (a) TiO2/Ti + PEEK (1:1), Nd+3:YAG  laser, 1) – P/df = 6.2/30; 2) - 6.2/20 (W/mm); (b) TiO2/Ti  + PEEK (1:2), CO2  
laser, 1 – P = 2.6 W, 2 – P = 1.9 W (d = 3 mm) 
 
A further information on the sintering tendency of the (TiO2+Ti) + PEEK CPC by means of the Nd+3: 
YAG laser is given in Fig. 6. The change of the TiO2+Ti percentage results in an insignificant growth of 
the sintering depth. 
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a) b) 
Fig. 6.  TiO2/Ti  + PEEK (df = 20 mm) = : 1. 1:1; 2. 2:3; 3. 1:2. a) P = 5.2 W; b) P = 6.3 W 
At last, Fig. 7 shows the SLS results at the wave-length of 1.06 μm for PEEK with the Al2O3 nano 
oxide. In the study described in [8], the sinterability of a nano- Al2O3/polyester compound at  =10.6 μm 
was achieved due to the polymeric shell formation on the ceramic particles by the emulsion 
polymerization that caused the CPC particle absorptivity. In our case, we either used an additive of the 
several percents of the soot (Fig. 7b), or conducted the sintering process in the Ar / N2 protective 
environment (Fig. 7a), in order to inhibit the PEEK oxidative destruction.  
 
 a)  b) 
Fig. 7.  (a) 1. PEEK + Al2O3 = 2:1; P = 2.2 W; 2. PEEK + Al2O3 = 3:1, P = 2.2 W; 3. PEEK + Al2O3 = 3:1, P = 3.4 W. (b) 
PEEK+Al2O3 = 10:1 with 0.5% wt. of carbon: 1. P = 2.2 W; 2. P = 3.4 W. In all cases the beam diameter was 1 mm, focus 
divergence 10 mm 
 
However it is seen that the monolayer sintering depths are twice lower that for the case of the micro 
oxide use.  
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3.2. Results of 3D sample SLS 
Results of a successful SLS of 3D samples (square size - 2) with the aid of the Nd+3:YAG 
laser are shown in Fig. 8.  
   
Fig. 8.  (a) TiO2/Ti + PEEK = 1:2, P = 5.2 W, v = 18.1 cm/s; (b) TiO2/Ti + PEEK=2:3, P = 5.4 W, V = 9 cm/s; c) TiO2/Ti + PLC = 
1:1, P = 3.8 W, V = 9 cm/s 
 
So far a reliable laser assisted fabrication of the 3D CPC with nano oxide inclusions has not been 
achieved.  
3.3. Microstructure evaluation  
The X-ray results are presented in Figs. 9-10 for the PEEK + Ti/TiO2 and PEEK + nano Al2O3 CPC. 
Two curves, 1 and 2 in Fig. 9 show the powdered mixture content before the LI. The pure PEEK has 
-23 degree range, which we believe to be connected with a partial 
polymer crystallinity. After the SLS these peaks disappeared in case of the powdered mixtures sintering 
with micro ceramic inclusion (Fig. 9, curves 3-7). While under the sintering performed with the nano 
ceramic inclusion (Fig. 10, curve 2) these peaks remained. On the whole, we can state that in Fig. 9, the 
curves 3 – 7 have similar strong peaks of the hexagonal (101) and cubic (100) titanium phases, as well as 
the tetragonal (101), (211) rutile phases, respectively, that confirms a delicate thermal influence on the 
Ti/TiO2 compound. 
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Fig. 9.  XRD patterns in Ti/TiO2 + PEEK mixture: 1) pure 
Ti/TiO2 without LI; 2) pure PEEK without LI; 3) 
Ti/TiO2 +PEEK=1:2, P = 5.2 W, V = 18.1 cm/s; 4) 
Ti/TiO2 + PEEK=2:3, P = 5.4 W, V = 9 cm/s; 5) 
Ti/TiO2 + PEEK = 1:1, P = 5.2 W, V = 9 cm/s; 6) 
Ti/TiO2 (63.. 100) + PEEK = 2:3, P = 5.2 W, V = 9 
cm/s, respectively 
Fig. 10. XRD patterns in PEEK + nano Al2O3 = 2:1 mixture: 1) 
pure nano Al2O3 without LI; 2) regime of LI was 
pointed out in the Fig. 7a (curve 1)  
However, an interesting peculiarity is observed in Fig. 10 (curve 2). The diffractometer peaks of the 
initial nano Al2O3 is not seen as compared with the “strong” PEEK peaks. It can be assumed, that the 
nano oxide portion in the 2:1 ratio is very low, therefore its peaks are not visible. On the other hand, the 
LI regime was mild and a PEEK amorphous phase was not created.  
The SEM images of a high magnification for the monolayer surface of the PEEK + nano Al2O3 CPC 
are shown in Fig. 11. The element analysis in the S1 and S2 regions confirms on the whole the initial 
oxide ceramics presence as well as existence of the polymer matrix.  
 
 
Fig. 11.  High magnification SEM image with EDX analysis of sintered surface PEEK + nano Al2O3. Regions S1 and S2 
correspond to the areas of Al2O3 ceramic 
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It should also be noted that though the laser heating promoted the nano particles coagulation for Al2O3 
up to sub micron and micron sizes (S2 region in Fig. 11), but on the whole, we observed the maintenance 
the of nano–sized oxide crystals (S1 region in Fig.11).  
4. Conclusion  
In the present report the possibility of the SLS for the pure PEEK and PLC by means of the CO2 laser 
wavelength without any additional heating of the powdered volume was justified and availability of the 
SLS for PEEK and PLC with ceramics additives (TiO2, Al2O3, ZrO2, HA) with the aid of the Nd+3YAG 
laser was shown. Optimal regimes of the reliable layer-by-layer laser sintering (laser power, scan 
velocity, beam diameter) were determined for the TiO2/Ti + PEEK and TiO2/Ti + PLC compositions with 
1:1 and 1:2 wt. ratios.  
The X-ray structural analysis and SEM with EDS confirmed that after the SLS of such mixtures no 
significant modifications were observed. These samples were recommended by us for the steam cell study 
and proved to be successful for medical tests [9].  
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